quently been exploited in designing the next generation
Figure 1. Synthesis of Lipids 1-3
of cationic transfection lipids [14] and cationic polymers HepG2 cells by using a nuclear-expression gene vector and in 293T7 cells by using a cytoplasmic gene expres- [15] [16] [17] , the most such design being our own of histidylated cationic lipid [18] . sion vector. Compared to lipid 1, lipid 2 showed poor efficacies in transfecting 293T7 cells with a cytoplasmic We envisioned that if endosomal protonation of weakly basic head groups indeed plays a major role in gene expression vector (pT7Luc) at lipid:DNA mole ratios of 3.6:1 and 1.8:1, as expected. Their transfection the transfection efficacies of pH-sensitive cationic lipids, covalent grafting of an electron-withdrawing subefficiencies were reduced significantly in the presence of Bafilomycin A1, which prevents endosome acidification. stituent in the basic head group should lead to compromised transfection efficacy. With such a rationale in This is consistent with the involvement of imidazole ring protonation in the endosomal escape of DNA. However, mind, in the present investigation we have designed and synthesized a novel cholesterol-based, endosomal pHwith nuclear gene expression systems, the transfection efficacies of lipid 2 at a lipid:DNA mole ratio of 3.6:1 sensitive, histidylated, cationic amphiphile, 1, its less pH-sensitive counterpart, 2, having an electron-defiwas found to be either equal to or somewhat less than those of lipids 1 and 3. Interestingly, at a lipid:DNA mole cient, tosylated histidine head group as well as a third new cholesterol-based, cationic lipid, 3, containing no ratio of 1.8:1, lipids 2 and 3 were remarkably more transfection efficient than lipid 1 in both HepG2 and HeLa histidine head group (Figure 1) . We have evaluated their in vitro gene delivery efficiencies in 293T7, HeLa, and cells. the conventional gel retardation assay and determined whereas those for lipoplex 3 were positive at neutral the lipoplex sizes by using quasi-elastic laser light scatpH (Table 1) containing an electron-deficient histidine head group. Such increased luminal pH could induce membrane reorganization and thereby facilitate DNA release into the cytosol. In contrast, the cytosolic release of DNA with lipid 3 is less dependent on endosome acidification. In the presence of 100 M chloroquine, the luciferase activity with lipid 2 was reduced by 45%, whereas that with lipids 1 and 3 was not significantly changed ( Figure  3B ). The meaning of the effect of chloroquine on the transfection efficiency of lipids 1-3 is more difficult to explain than that of Bafilomycin A1. Indeed, chloroquine is a weak base known to interfere with endocytosis processes, particularly by raising the luminal pH of acidic vesicles and by delaying the delivery to lysosomes and lysosomal degradations. In addition, chloroquine increased transfection efficiency of polyplexes and was found to dissociate polyplexes [24] . As evidenced by Bafilomycin A1 experiments, lipids 1 and 2 need endosome acidification. The decrease of lipid 2 efficiency could come from either chloroquine neutralization of vesicles containing lipoplex 2 or inhibition of the delivery of lipoplex 2 in acidic vesicles. Choroquine had no effect on lipid 1 because DNA escape might occur at a weak acidic pH in early vesicles where chloroquine accumula- Figure 4D) were not significantly different from those obtained when cytosolic expression systems were 293T7, HeLa, and HepG2 cells when nuclear expression vectors were used were found to be not significantly used ( Figure 3B ). The luciferase activity with lipids 1-3 was inhibited by 93%, 50%, and 57%, respectively, in different than those in the cytosolic expression systems described above for 293T7 cells (Figure 4) . Although the the presence of 280 nM Bafilomycin A1 ( Figure 4D ). In the presence of 100 M chloroquine, the luciferase histidine ring of lipid 2 was less basic than that of lipid 1 and therefore was less likely to undergo endosomal activity with lipid 2 was reduced by 22%, whereas that with lipids 1 and 3 was not significantly changed. This protonation, the transfection efficiency of lipid 2 was observed to be comparable to that of lipids 1 and 3 in suggests that the extent of DNA's escape from the endo- 
Results and Discussion

Significance
In an effort to probe the importance of endosomal protonation in pH-sensitive, cationic, lipid-mediated, nonviral gene delivery, we have designed and synthe- Figure S2, Supplemental Data). All three final lipids (1-3) Step b. Selective acid deprotection of the product were found to be stable in methanol solution and showed no extraobtained in step a neous peaks in HPLC after the methanol solution was maintained N im , N ϰ di-BOC-histidine-cholesteryl-ethylamide (450 mg, 0.59 at room temperature. mmol, product of step a above) was taken in a 25 ml round-bottomed flask and dissolved in 1,4 dioxan (2 ml). 2N HCl (0.3 ml) was added Synthesis of Lipid 1, Shown in Figure 1A to the reaction mixture and stirred at room temperature for 45 min. 40 [s, 3H, CH 3 -C 6 H 4 -SO 2 -], 3.00-3.50 [m, 7H,  temperature, ACE (1.6 g, 3.72 mmol) Figure 1C ( 
